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Available online 10 July 2013Rice blast, caused by Magnaporthe oryzae, is a major disease of rice almost worldwide. The
Chinese indica cultivar 93-11 is resistant to numerous isolates of the blast fungus in China, and
can be used as broad-spectrum resistance resource, particularly in japonica rice breeding
programs. In this study, we identified and mapped two blast resistance genes, Pi60(t) and
Pi61(t), in cv. 93-11 using F2 and F3 populations derived from a cross between the susceptible
cv. Lijiangxintuanheigu (LTH) and resistant cv. 93-11 and inoculated with M. oryzae isolates
from different geographic origins. Pi60(t) was delimited to a 274 kb region on the short arm of
chromosome 11, flanked by InDel markers K1-4 and E12 and cosegregatedwith InDel markers
B1 and Y10. Pi61(t) was mapped to a 200 kb region on the short arm (near the centromere) of
chromosome 12, flanked by InDel markers M2 and S29 and cosegregating with InDel marker
M9. In the 274 kb region of Pi60(t), 93-11 contains six NBS-LRR genes including the two Pia/
PiCO39 alleles (BGIOSGA034263 and BGIOSGA035032) which are quite close to the two Pia/
PiCO39 alleles (SasRGA4 and SasRGA5) in Sasanishiki and CO39, with only nine amino acids
differing in the protein sequences of BGIOSGA035032 and SasRGA5. In the 200 kb region of
Pi61(t), 93-11 contains four NBS-LRR genes, all of which show high identities in protein
sequencewith their correspondingNBS-LRR alleles in susceptible cv. Nipponbare. Comparison
of the response spectra and physical positions between the target genes and other R genes in
the same chromosome regions indicated that Pi60(t) could be Pia/PiCO39 or its allele, whereasKeywords:
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Table 1 – Rice genotypes evaluated for b
ID Designation
1 93-11
2 LTH
3 IRBLa-A
4 IRBLa-C
5 Aichi Asahi
6 CO39
7 IR64 a
8 IRBLta-K1
9 IRBLta-CT2
10 IRBLta-CP1
11 IRBL12-M
12 IRBL19-A
13 IRBL20-IR24
14 IRBLta2-Pi
15 IRBLta2-Re
16 F-128-1
a Broad-spectrum blast resistant cultivar, harb
Pi27(t), Pi29(t), Pi30(t), Pi31(t) and Pi32(t) [59].
3T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 4Pi61(t) appears to be different from Pita, Pita-2, Pi19(t), Pi39(t) and Pi42(t) in the same R gene
cluster. DNA markers tightly linked to Pi60(t) and Pi61(t) will enable marker-assisted breeding
and map-based cloning.
© 2013 Production and hosting by Elsevier B.V. on behalf of Crop Science Society of China
and Institute of Crop Science, CAAS.1. Introduction
Rice blast, caused by the fungus Magnaporthe oryzae, is an
important disease in most rice production regions of the world
because of its devastating effects on yield. In this pathosystem,
pathotype- or race-specific resistance follows the gene-for-gene
relationship [1].M. oryzae is highly variable, and loss of resistance
in varieties is quite common [2,3], especially when resistance is
based on a single resistance (R) gene [4–6]. Nevertheless, the
utilization of R genes is still considered to be the most effective
and economical method to control the disease. A major strategy
to develop more durable resistance is to combine multiple
R genes that confer overlapping resistance spectra to multiple
isolates/races of M. oryzae in a single variety [7]. In this regard,
continued identification of new R genes in genetic resource
materials is essential.
Genetic studies on blast resistance began as early as the 1960s
andwere intensifiedwith the availability of genomesequences of
the two subspecies of cultivated rice, Oryza sativa (ssp. japonica
cultivar (cv.) Nipponbare and spp. indica cv. 93-11) and abundant
genetic markers [8–10]. To date, more than 70 R genes and some
quantitative trait loci (QTL) have been identified and mapped on
rice chromosomes [11–13]. These R genes are largely clustered on
chromosomes 6, 11 and 12, and involve different specificities
[11–15]. Development of DNA markers closely linked to the R
genes not only sets the stage formarker-assisted selection (MAS)
in rice breeding programs, but also facilitatesmap-based cloning.
Some blast R genes have been finely mapped [11,12,15–21], and
among them Pib [22], Pita [23], Pi9 [24], Piz-t and Pi2 [25], Pid2 [26],
Pi36 [27], Pi37 [28], Pikm [29], Pi5 [30], Pid3/Pi25 [31,32], Pit [33], Pish
[34], pi21 [35], Pb1 [36], Pia/PiCO39 [37,38], Pi-kh/Pi54 [39], Pik [40],last resistance.
R gene
Pi41(t), ?
None
Pia/PiCO39
Pia/PiCO39
Pia/PiCO39, Pi19(t)
Pia/PiCO39
Pi30(t)
Pita
Pita
Pita
Pi12(t)
Pi19(t)
Pi20(t)
Pita-2
Pita-2
Pita-2
oring six R genes, viz. Pi20(t)Pik-p [41] and Pi1 [21] have been isolated.Markers tightly linked to
the R genes, and more recently, markers derived from cloned R
genes should greatly facilitate pyramiding of the R genes into
cultivars by MAS; for example, markers developed from Pita
[42,43] and Pib [18].
The sequenced indica cv. 93-11 is a widely grown blast
resistant cultivar and hybrid rice restorer in China [9,44–47]. It is
resistant to M. oryzae races ZA49, ZE3 and ZG1 from Jiangsu,
China [44], and to 80% of 45 M. oryzae isolates (22 from japonica
and 23 from indica) from other provinces in China [48]. Although
blast R gene Pi41 was previously reported in cv. 93-11 [47],
additional R genes must also be present [26,31,49–53]. The
objectives of the present studywere to evaluate blast resistance
in cv. 93-11 using awide range of ChineseM. oryzae isolates, and
to identify and map R genes additional to Pi41.2. Materials and methods
2.1. Rice genotypes and culture
Five rice cultivars, one near-isogenic line (NIL) and ten mono-
genic lines (MLs)were used in this study (Table 1). Indica cv. 93-11
(resistant, male parent) and japonica cv. Lijiangxintuanheigu
(LTH, susceptible, female parent) were evaluated for reaction to
M. oryzae isolates, and crossed to develop F2 and F3 populations
for genetic analysis and gene mapping. Cultivars CO39, Aichi
Asahi and IR64 togetherwith 11 NILs/MLs, each carrying a single
R gene (Table 1), were used as reference lines to differentiate the
genesmapped in 93-11 from previously reported R genes. 93-11,
LTH, Aichi Asahi, IR64 and F-128-1 are maintained at theRemark Reference
Chinese elite indica cultivar,
R gene donor
[47]
Lijiangxintuanheigu, japonica
cultivar with no blast R genes
[54,55]
LTH monogenic line [38,56]
LTH monogenic line [38,56]
Japonica variety [38,56,57]
Indica cultivar [38,56]
Indica cultivar [58,59]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH monogenic line [56]
LTH near-isogenic line [54,55]
, Pita, Pib, Pik-s, Piz-t, and one unknown gene [58], or six R genes, Pi25(t),
4 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 4Institute of Crop Science, Chinese Academy of Agricultural
Sciences (CAAS), Beijing, China. CO39 and the other 10MLswere
kindly provided by Dr. Yoshimichi Fukuta, International Rice
Research Institute (IRRI), Los Baños, The Philippines.
Seedlings were grown in 60 cm × 30 cm × 5 cm plastic seed-
ling trays in a greenhouse. Pre-soaked seeds of test materials
were sown in rows together with the parents. For genetic
analysis and gene mapping, 300 seeds of the F2 population and
15 seeds of each parent were sown per tray. For differentiating R
genes, 15 seeds of each of the two parents and 11 reference lines
(Table 1) were sown in each tray with two replications.
2.2. M. oryzae isolates and conidial inoculation
A total of 495 M. oryzae isolates from different rice growing
regions were used to evaluate the reaction of cv. 93-11. Among
them, five isolates — three indica-derived isolates, 001-99-1
(pathotype 241.6, from Jiangsu of China), RB17 (pathotype
423.2, from Hunan of China), and GZ26 (pathotype 541.0, from
Guizhou of China), and two japonica-derived isolates, 99-26-2Table 2 – Primer sequences of InDel markers used for mapping
Marker Primer sequence (5′–3′) P
11-2 F: TGATGAGCTCTCACTTGTTGAAA
R: CGTACATTGGCTTATGTGATCTG
B3 F: GACGAAGAGAGTAAACGGCTTCTTC
R: CGGACCTTCCGTTATACTCCTTCGGTTT
K4-1 F: AACAGCGTGCTTCTCTGACTGCAC
R: CGGCTACGAGCCAATGCACGT
K2-1 F: TGTGAGCGTGAAACCCGGTG
R: ACCTCCGGTGAACTTATTCCTCGT
K1-4 F: TGGCCATTTCGGTTGGTTACAC
R: ACGCAGGTAGTACAAAGTACCGAT
B1 F: TTGCTATTGAAAGTGTCAGTCGCAC
R: GCTCGGCGAATTGCTCCGCAGGCTTGAC
Y10 F: CCGTTCCCGTGAAATATTGGGCAAT
R: GCAAAGACCTGGCTGAGCAACTGAAGAA
E12 F: CTGCCCCGATTTAGACGG
R: GACGCGACACGGCGTTGGTCGC
H6 F: GGGTGATGTTGAACAGG
R: GGATCGCCACATTCAAGCAAC
H4 F: GATCTATCTCTTACAGTTAGAAGG
R: GCAAAGAAAGCTACAAC
B14 F: GATCTTGCTGTTATAAATCAGCC
R: AAAGCCGTGATTCTTTAGATCGTCGTTT
C13 F: GGTGCTATTTGGTAGCCCTAC
R: GCGAGAAGTAGAAGTTG
C7 F: GGCATTGAAGGATCGAGACCTGGG
R: ACCGTCGGCCCCGTTAAGGT
C6 F: TCGATGACAACTAGCATGATTAGGACT
R: TCGGCTACCATGTTCCTTCTTCA
A4 F: AGAATCACGGGCGTAACAAAGATAC
R: GGAACTACACAGGACCTACG
11-4 F: TGAGATGTGGCCATTAAGGA
R: TGGCAAAAGATCTTATATTTACTTCG
11-7 R TGATAAATCCCATACTAAGGATCTG 1
F GCTTAGTCCGAGGCCTTCA 1
S11-6-2 R ACGTTGCCTGACGAAGAGTT 1
F CGCAGCAGAATAGTCCACAA 1
a Genomic position based on Nipponbare sequence by BLAST analysis in(pathotype 437.1, from Beijing of China) and P-2b (pathotype
303.0, from Japan) — provided clear resistant or susceptible
reactions on the two parents and 11 reference lines (Table 1)
and were chosen for further studies.
All isolates are stored at the Institute of Crop Science, CAAS,
Beijing, China. Inoculum preparation and seedling inoculation
followed the procedure described by Chen et al. [60]. Disease
reactionswere evaluated6–7days after inoculationonanumerical
scale ranging from 0–3 (resistant) to 4–5 (susceptible) as described
byMackill andBonman [4]. Observed reactionswere verified in the
field following injection-inoculation as described by Lei et al. [61].
2.3. Development of markers and construction of a linkage
map
Genomic DNA was extracted from seedling leaves using the
CTAB method [62]. Two sets of DNA bulks, each containing a
resistant pool and a susceptible pool, were prepared following
the methods described by Yang et al. [47]. The first set (set 1,
for Pi60(t)) was assembled with equimolar amounts of DNAgene Pi60(t).
hysical position (bp) a Expected
size (bp)
Annealing
temperature (°C)
Start End
3,345,901 3,345,923 133 57
3,346,011 3,346,033
5,915,215 5,815,239 173 57
5,915,360 5,915,387
6,062,943 6,062,966 257 57
6,063,180 6,063,200
6,291,389 6,291,408 264 57
6,291,630 6,291,653
6,374,031 6,374,052 116 57
6,374,124 6,374,147
6,540,523 6,540,547 225 57
6,540,721 6,540,748
6,628,112 6,628,136 248 57
6,628,332 6,628,359
6,648,601 6,648,618 176 57
6,648,755 6,648,776
6,701,912 6,701,928 132 53
6,702,023 6,702,043
6,955,998 6,956,021 139 55
6,856,120 6,956,136
7,003,526 7,003,548 172 57
7,003,670 7,003,697
7,053,861 7,053,881 176 57
7,054,020 7,054,036
7,406,821 7,406,844 203 57
7,407,004 7,407,023
7,505,090 7,505,116 209 57
7,505,276 7,505,298
7,817,732 7,817,756 178 57
7,817,890 7,817,909
8,375,365 8,375,384 155 57
8,375,494 8,375,519
6,002,655 16,002,679 152 57
6,002,788 16,002,806
6,047,300 16,047,319 213 57
6,047,493 16,047,512
the Gramene database.
5T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 4from 15 isolate 001-99-1-resistant or 15 susceptible F2 individ-
uals, and the second set (set 2, for Pi61(t)) from 15 isolate
99-26-2-resistant or susceptible F2 individuals.
Two hundred and ninety simple sequence repeats (SSR) and
212 insertion–deletion (InDel)markers distributed evenly across
the genome were screened for polymorphisms between the
respective parents. Polymorphic markers were then subjected
to bulked segregant analysis (BSA) combined with recessive
class analysis (RCA) [63,64]. Candidate markers linked with
resistant phenotypes were further confirmed using the F2
individuals comprising the resistant and susceptible pools. To
finely map the R genes, two populations were developed. The
first consisted of 1629 F2 individuals that were extremelyTable 3 – Primer sequences of InDel and SSR markers used for
Marker Primer sequence (5′–3′) P
G3 F: AGTAATATTTGTGATACCAAAT 3
R: TCTACTAATACCTTCGTTTCAT 3
G2 F: CAGACCATTGAGATCAGTC 6
R: CGACTACTGACAGGATTTAAC 6
G7 F: GGTGCCGTGAGGACGCAGC 8
R: GTCGCCCCTGAGGTGGGAGCG 8
RM101 b F: ACACAACATGTTCCCTCCCATGC 8
R: GTGAATGGTCAAGTGACTTAGGTGGC 8
E4 F: GAATTCGACGAAGTGTCTCTCCG 8
R: ACGTACCTTATAAACTCTTCCGTA 8
T7 F: TCTAAACTCTGCATCAGATAATTAC 9
R: TGGTCATAGGGACATTCTCGTC 9
S13 F: GAGAGAAAGAGGGCGGAGTC 9
R: ACATCCAACGCTCCAAAGAG 9
M1 F: CGCTCCTTTCCCGGCGTCTC 9
R: TCCCCACGAGCCTCTCCACC 9
S1 F: CGGAATCATCCCTAGACAGG 9
R: GCACCTCCACCTTTGTGTCT 9
S9 F: GAAAAGGGATGACGAATTGC 9
R: GAATCGTTCGTATCGCGTCT 9
M2 F: GGCAGAGCGAGTGCTTGTCGAG 9
R: TGCCCAGACAGTTGGATTGGACA 9
M9 F CGATTTTCCTTCTCACCTGGGGG 9
R TGGCCTATGGCTGCTGGAAGT 9
S29 F: CATCTCCCCCTAGTCGCTCT 10
R: AGCAACAGGAACCAAACACC 10
G8 F: CACGTATTCACGTCGGTC 10
R: GTGTGAATTGACCCTTG 10
12-5 F: TGGGCAACTGAATCTAACCA 10
R: GGAGATGATGATGCGGTGAT 10
P1 F ACTTCAATCTTCTTTTTATATG 10
R ACTGCCACTATTGAGATCGAGTAC 10
RRS63 b F CACCTGGCTCCTCATCAAGT 11
R ATCATGTCCGATTCCTTTGG 11
RM27990 b F: ACTTACACACTTGATCCGTTCG 12
R: CCAGGATTTATTCGACAAGC 12
12-6 F: CAACTAAAACCAACACAAAATCCA 13
R: TGTCTAGTTGCATGTCTGAGTGTC 13
12-7 R: GTGGCTGTTTAGGAGCGTTT 15
F: CAACCAAACAGCAATGCAAC 15
C4-3 F ACCTTGCAGCGCTATTTCGG 16
R ACGCTGTCCAAAGGCATCCA 16
RM519 b F: AGAGAGCCCCTAAATTTCCG 19
R: AGGTACGCTCACCTGTGGAC 19
a Genomic position of markers based on the Nipponbare sequence by BL
b SSR marker.susceptible to isolate 001-99-1 and 725 that were extremely
resistant. The second consisted of 1911 F2 individuals extremely
susceptible to isolate 99-26-2. Additional sets of SSR and InDel
markers in the target R gene regions identified by the initial
linkage analysis were used for alignment within the critical
region of the genomic sequences of 93-11 andNipponbare using
the software Premier 3 (http://www.premierbiosoft.com/).
The PCR amplifications were performed in 25 μL volumes
containing 50 ng template, 0.2 μmol L−1 of each primer,
1.5 mmol L−1 MgCl2, 0.02 μmol L−1 dNTP and 1 U Taq polymer-
ase. The PCR cycling profile consisted of initial denaturation at
94 °C for 5 min, followed by 35 cycles of 94 °C for 60 s, 55–58 °C
for 30 s, and 72 °C for 60 s, with a final extension at 72 °C formapping gene Pi61(t).
hysical position (bp) a Expected
size (bp)
Annealing
temperature (°C)
Start End
,228,265 3,228,286 154 57
,228,397 3,228,418
,953,805 6,953,825 175 57
,953,961 6,953,979
,237,561 8,237,579 133 57
,237,693 8,237,673
,826,555 8,826,577 300 55
,826,829 8,826,854
,886,134 8,886,156 125 57
,886,238 8,886,259
,257,162 9,257,186 285 57
,257,425 9,257,446
,439,535 9,439,554 163 60
,439,670 9,439,689
,783,990 9,784,009 689 58
,783,320 9,783,339
,841,854 9,841,873 237 59
,842,072 9,842,091
,903,377 9,903,396 176 60
,903,525 9,903,544
,925,293 9,925,314 662 58
,924,653 9,924,675
,985,472 9,985,494 880 58
,984,625 9,984,645
,124,186 10,124,205 234 60
,124,400 10,124,419
,274,859 10,274,876 134 55
,274,976 10,274,992
,472,908 10,472,927 176 57
,473,064 10,473,083
,627,961 10,627,982 161 57
,628,099 10,628,122
,222,006 11,222,025 234 55
,222,220 11,222,239
,855,086 12,855,107 130 57
,855,196 12,855,215
,047,393 13,047,416 123 57
,047,492 13,047,515
,569,682 15,569,701 206 57
,569,868 15,569,887
,680,925 16,680,944 94 57
,680,999 16,681,018
,973,101 19,973,120 122 57
,973,222 19,973,203
ASTN analysis in the Gramene database.
Table 5 – Resistance spectra of cv. 93-11 to 495 M. oryzae
isolates from different rice-growing regions in China and
from Japan.
Origin of
isolate
Number of
isolates
Number of
avirulent
isolates
Frequency
of avirulent
isolates (%)
Japonica rice-growing
region
215 186 86.51
Beijing, China 11 11 100.00
Tianjin, China 9 9 100.00
Liaoning, China 30 30 100.00
Jilin, China 28 28 100.00
Hebei, China 37 35 94.59
Heilongjiang, China 41 31 75.61
Ningxia, China 51 34 66.31
Japan 8 8 100.00
Indica rice-growing
region
280 188 67.14
Jiangsu, China 27 25 92.59
Yunnan, China 4 3 75.00
Guangdong, China 37 27 72.97
Zhejiang, China 13 9 69.23
Sichuan, China 39 32 82.05
Hunan, China 66 50 75.76
Fujian, China 68 32 47.05
Guizhou, China 3 1 33.33
Guangxi, China 14 2 14.29
Jiangxi, China 9 7 77.78
6 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 47 min. PCR products were separated on 8% non-denaturing
polyacrylamide gels and visualized using the silver staining
method described by Sanguinetti et al. [65]. InDel and SSR
primers linked to the R genes in cv. 93-11 are listed in Tables 2
and 3. Genetic distances between adjacent loci were estimated
as Nr/2NT (Nr being the number of recombinants, and NT the
overall population size) [47,66].
2.4. Construction of physical maps and identification of
candidate R genes
The physical map of the target locus was constructed based
on Nipponbare contigs (http://www.gramene.org/). The 93-11
contigs were also anchored to this framework using the
linked markers. Candidate genes within the target region were
predicted and annotated using the Gramene database (http://
www.gramene.org/). Each candidate NBS-LRR (nucleotide
binding site-leucine rich repeat) gene in cv. 93-11was amplified
using specific primers (Table 4) designed from the Nipponbare
sequence in the Gramene database, and then sequenced by
Beijing Biomed Co. Ltd., Beijing. DNA and protein sequences
were predicted using the softberry program (http://linux1.
softberry.com/), and then alignedwithNipponbare homologues
using the Gramene and EBI needle programs (http://www.ebi.
ac.uk/).Total 495 374 75.563. Results
3.1. Blast resistance spectrum of cv. 93-11
A total of 495 M. oryzae isolates were evaluated (Table 5).
Cultivar 93-11 was resistant to 86.5% (186/215) of japonica-
derived isolates collected from northern China (Beijing, Tianjin,
Liaoning, Jilin, Hebei, Heilongjiang and Ningxia) and Japan, and
67.1% (188/280) of indica-derived isolates collected fromsouthern
China (Jiangsu, Yunnan, Guangdong, Zhejiang, Sichuan, Hunan,
Fujian, Guizhou and Guangxi), an average of 75.6% (374/495).
In a more local context, 93-11 was resistant to 92%–100% of
150 isolates from Beijing, Tianjin, Liaoning, Jilin, Hebei, Jiangsu
of China and Japan (Table 5). This indicated that 93-11 could be
used as a resistance resource in most japonica growing regions
and in some indica regions, such as Jiangsu.
3.2. Genetic analysis of blast resistance in cv. 93-11
TheF2 population derived from the cross LTH × 93-11 segregated
3R:1S when challenged with the indica-derived isolate 001-99-1Table 4 – Primers used for PCR amplification of entire genomic
Locus Forward primer
SasRGA4 GTACCTATGGTCAACAATGG CG
SasRGA5 CGCAAGCTTGCGCTGTCCATCTTAAATGTGCAC CG
Os12g17410 TCCCAGTTCACACCTCGTAACTTGAAGA GC
Os12g17420 CCAGAGACAAAAGACCAATGGGAGC TG
Os12g17430 CGCGCGCGTGATCAACAATAGG AC
Os12g17480 GCGGCGCCTGAGGTGAATATGT GC
Os12g17490 ACCCCTCAACTACCAGCTGCCC GCand japonica-derived isolate 99-26-2 (Table 6), suggesting that the
resistance of 93-11 to each of the two isolates was controlled by
one dominant R gene.
To determine whether the same genes were involved, 153
001-99-1-susceptible F2 individuals were planted and injection-
inoculated with isolate 99-26-2. A 3R:1S segregation ratio was
observed, indicating that the genesweredifferent andgenetically
independent. We tentatively named them Pi60(t) and Pi61(t),
effective against isolates 001-99-1 and 99-26-2, respectively.
3.3. Genetic mapping of Pi60(t) and Pi61(t)
Two hundred and twelve InDel and 290 SSR markers were
screened for polymorphisms between parents 93-11 and LTH,
and between the two sets of DNA bulks. Six InDelmarkers, viz.
11-2, B3, C6, 11-4, 11-7 and S11-6-2 (Table 2), on chromosome
11 were polymorphic between both parents and DNA bulks for
gene Pi60(t) (set 1); and InDel markers 12-1 and 12-6, and SSR
markers RM101 and RM519, (Table 3) on chromosome 12,
showed distinct polymorphisms between both parents andfragments of related candidate NBS-LRR genes in cv. 93-11.
Reverse primer Expected
size (bp)
CGGATCCGCGCCACGTGAAGATTCTAGATCCTTGTC 6332
CGGATCCGCGCCAGATAATATCGTGGGGTAC 7064
TCATTGACAGTCAGGCTACCCACA 4792
GATCCTGATGCTGAACCTCCTCC 4040
AGCAAAGGAAAAAGGGACCTCAACA 2018
TCAGGCATTGCTCCCTGCAT 4921
AACTCACGCGCCTTGACTCT 4753
Table 6 – Segregation of blast resistance to two isolates in
F2 population of LTH × 93-11.
Isolate a No of
individuals
R:S χ23:1 P-value
001-99-1 (241.6) 373 257:116 0.010 0.75–0.95
99-26-2 (437.1) 632 482:150 0.530 0.30–0.50
153b 114:39 0.002 >0.95
a The number in the parenthesis after the M. oryzae isolate is the
pathotype code of each isolate based on avirulence or virulence on
12 Kiyosawa et al. differential varieties [67].
b These 153 individuals were susceptible to isolate 001-99-1 after
spray inoculation.
7T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 4DNA bulks for gene Pi61(t) (set 2). These polymorphic markers
were validated by genotyping individuals in the respective
populations. For rough mapping of the Pi60(t) and Pi61(t)
loci, 160 001-99-1-susceptible F2 individuals and 124 99-26-2-Fig. 1 – Genetic and physical map of the Pi60(t) region. a: Rough g
number above the bold horizontal line: genetic distance (cM); CEN
susceptible F2 plants. In parentheses, numbers of recombinants;
recombinants identified from 745 resistant F2 plants; d: Physical
The colored horizontal block: BAC/PAC clone; vertical red dashed
gene; e: Physical map of the Pi60(t) region based on the 93-11 sequ
in 93-11 sequence; vertical red dashed line: marker positions; resusceptible F2 individuals were further subjected to linkage
analysis with the above respective polymorphic markers for
the two R genes. Pi60(t) was delimited to a 8.8 cM interval on
the short arm of chromosome 11 by flanking markers B3
(2.5 cM) and A4 (5.3 cM) (Fig. 1-a); and Pi61(t) was delimited to
a 24.4 cM interval near the centromere of chromosome 12 by
flanking markers G2 (12.4 cM) and 12-6 (12.0 cM) (Fig. 2-a).
For fine mapping of the Pi60(t) locus, 1629 001-99-1-
susceptible F2 individuals were genotyped with the flanking
markers B3 and C6, and 12 newly developed parental polymor-
phic InDel markers in the target interval of 8.8 cM, namely,
K4-1, K2-1, K1-4, B1, Y10, E12, H6, H4, B14, C13, C7 and C6
(Table 2). Pi60(t) was narrowed to a 0.58 cM interval (629 kb) on
chromosome 11, flanked by InDel markers K1-4 (0.49 cM) and
B14 (0.09 cM) and it co-segregated with five InDel markers (B1,
Y10, E12, H6 and H4; Fig. 1-b). To further reduce the Pi60(t)
region, 745 001-99-1-resistant F2 individuals were also geno-
typed with the above 14 markers, and five individuals, P118, P6,enetic map of Pi60(t) using 160 susceptible F2 plants. The
, centromere; b: Fine genetic map of map of Pi60(t) using 1629
c: Marker genotypes and response phenotypes of five
map of the Pi60(t) region based on the Nipponbare sequence.
line: marker positions; red bold horizontal line: predicted
ence. The colored horizontal block: scaffold; white block: gap
d bold horizontal line: predicted gene.
Fig. 2 – Genetic and physical map of the Pi61(t) region. a: Rough genetic map of Pi61(t) using 124 susceptible F2 plants. The
numbers above the bold horizontal line, genetic distance (cM); CEN, centromere; b: Fine geneticmap ofmap of Pi61(t) using 1911
susceptible F2 plants. The numbers in parentheses, number of recombinants; c: Physical map of the Pi61(t) region based on
Nipponbare sequence. Colored horizontal block, BAC/PAC clone; vertical red dashed line, marker positions; red bold horizontal
line, predicted gene; d: Physical map of the Pi61(t) region based on the 93-11 sequence. Colored horizontal block, scaffold; white
block, gap in 93-11 sequence; vertical red dashed line, marker positions; red bold horizontal line, predicted gene.
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at least one crossover between marker loci K1-4 and E12
(Fig. 1-c). The F3 progenies derived from these five recombinants
showed the expected segregating or homozygous resistant
responses after challenge with isolate 001-99-1, completely
corresponding to their genotypes at the two marker loci
(Fig. 1-c). Thus Pi60(t) was delimited to a 274 kb region flanked
by InDel markers K1-4 and E12.
For fine mapping of the Pi61(t) locus, a total of 2102 99-26-2-
susceptible F2 individuals were genotyped with 14 InDel and
SSRmarkers, viz. G2, G7, RM101, E4, T7, M1, M2, M9, G8, 12-5, P1,
RRS63, RM27990 and 12-6 (Table 3). As a result, Pi61(t) was
located to a 0.15 cM interval (200 kb) on the short arm of
chromosome 12, flanked by markers M2 (0.10 cM) and S29
(0.05 cM) and co-segregating with marker M9 (Fig. 2-b).
3.4. Construction of physical maps of Pi60(t) and Pi61(t)
For Pi60(t), the target 274 kb region (6,374,147–6,648,601 bp) was
covered by four PAC/BAC clones, including 48 putative genes
annotated in the Gramene and TIGR databases (Fig. 1-d); these
included 8 intact NBS-LRR genes (Os11g11550, Os11g11580,
Os11g11770, Os11g11790, Os11g11810, Os11g11940, Os11g11950
and Os11g11960), 12 expressed proteins, 16 hypothetical pro-
teins and 12 retrotransposons. Sequence alignment of the
NBS-LRR genes showed that 93-11 contained only six NBS-LRR
genes, viz. BGIOSGA034264, BGIOSGA034263, BGIOSGA035032,
BGIOSGA035036, BGIOSGA034259 and BGIOSGA034258, corre-
sponding to Os11g11770, Os11g11790 (SasRGA4 allele of Pia),
Os11g11810 (SasRGA5 allele of Pia), Os11g11940, Os11g11950 and
Os11g11960at identity levels of 79.1%, 89.5%, 45.7%, 96.4%, 84.5%
and 89.2% in protein sequence, respectively.For Pi61(t), the target 200 kb region (9,924,675–10,124,186)
in the Nipponbare sequence was covered by six PAC/BAC
clones, including 44 putative genes annotated in the
Gramene and TIGR database (Fig. 2-c), viz. 5 tandem NBS-
LRR type genes, Os12g17410, Os12g17420, Os12g17430,
Os12g17480 and Os12g17490 in a 40 kb cluster, 21 retro-
transposons, 1 transposon, 11 hypothetical proteins and 6
expressed proteins. However, only four NBS-LRR genes can
be amplified in cv. 93-11 using the specific primers (Table 4),
viz. BGIOSGA018510, BGIOSGA018508, BGIOSGA018507 and
BGIOSGA018506, corresponding to Os12g17410, Os12g17430,
Os12g17480 and Os12g17490 at identity levels of 68.7%, 99.3%
(2-amino acid differences), 99.7% (3-amino acid differences)
and 99.7% (3-amino acid differences) in protein sequences,
respectively.
3.5. Allelism of Pi60(t) and Pia/PiCO39
Two other major blast R genes, Pi30(t) and cloned Pia/PiCO39,
were previously mapped in the vicinity of Pi60(t) (6,374,147–
6,648,601 bp) on chromosome 11 [11,37,38]. Pi30(t) was roughly
located within an interval of 6.1 Mb (441,392–6,578,785), and
presumed to be Pia [59]. Sequencing of the two Pia/PiCO39
alleles in 93-11 showed that the two alleles, viz. BGIOSGA034263
and BGIOSGA035032, corresponded with the dual gene func-
tions required of Pia/PiCO39, SasRGA4 and SasRGA5, respective-
ly, at identity levels of 100 and 99.19% in protein sequence
[37,38]. The variance of 0.81% (nine amino acids) between the
protein sequences of BGIOSGA035032 and SasRGA5 was in the
HMA domain (amino acids 1001–1070), C′-end (amino acids
1071–1116) and theNBSdomain (amino acid 416: V → M) (Fig. 3).
The slight variance of the two Pia/PiCO39 alleles in cv. 93-11may
Fig. 3 – Amino-acid alignment of SasRGA5 and BGIOSGA035032. SasRGA5: the second Pia/PiCO39 allele in cv. Sasanishiki;
BGIOSGA035032: the second Pia/PiCO39 allele in cv. 93-11.
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Table 7 – Reactions of 16 rice genotypes to five M. oryzae differential isolates.
Cultivar or line R gene Isolate (pathotype codea)
001-99-1
(241.6)
P-2b
(303.0)
RB17
(423.2)
GZ26
(541.0)
99-26-2
(437.1)
93-11 Pi60(t), Pi61(t) R(0)b R(0) S(5) R(0) R(0)
LTH None S(5) S(5) S(5) S(5) S(5)
IRBLa-A Pia/PiCO39 R(1) S(5) S(5) R(0) S(5)
IRBLa-C Pia/PiCO39 R(1) S(5) S(5) R(1) S(5)
Aichi Asahi Pia/PiCO39, Pi19(t) R(1) S(5) S(5) R(0) S(4)
CO39 Pia/PiCO39 R(1) R(0) S(4) R(0) S(4)
IR64c Pi30(t) R(1) R(1) R(1) R(0) R(0)
IRBLta-K1 Pita S(5) S(4) R(1) R(0) S(4)
IRBLta-CT2 Pita S(4) S(4) R(2) R(0) S(4)
IRBLta-CP1 Pita S(5) S(5) S(5) S(4) S(4)
IRBL12-M Pi12(t) S(5) R(0) S(4) R(0) R(0)
IRBL19-A Pi19(t) S(4) S(4) S(5) S(4) S(5)
IRBL20-IR24 Pi20(t) R(1) R(1) S(5) R(0) R(2)
IRBLta2-Pi Pita-2 S(5) S(5) R(0) R(0) S(4)
IRBLta2-Re Pita-2 S(5) S(5) R(0) R(0) S(4)
2F-128-1 Pita-2 S(5) S(4) R(1) S(4) S(5)
a Based on avirulence or virulence to 12 Kiyosawa et al. differential varieties [67].
b Number in parenthesis after R/S is the response level to the corresponding isolate [4].
c IR64 is a broad-spectrum blast resistant cultivar, harboring six R genes, viz. Pi20(t), Pita, Pib, Pik-s, Piz-t and one unknown gene [58], or six R genes,
Pi25(t), Pi27(t), Pi29(t), Pi30(t), Pi31(t) and Pi32(t) [59].
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(Peh-kuh-tsao-tu) with the same two Pia alleles as 93-11 was
earlier deduced to harbor just the Pia gene [37]. In addition,
the Pi60(t)-differential isolate 001-99-1 was avirulent to all four
Pia/PiCO39-harboring lines, namely, IRBLa-A, IRBLa-C, Aichi
Asahi and CO39 (Table 7). These results indicated that Pi60(t)
could be Pia/PiCO39 or its allele.
Differences in amino acids aremarked in rectangular blocks.
3.6. Differentiation of Pi61(t) from other blast R genes
Eleven blast R genes, namely, Pita, Pita-2, Pi6(t), Pi12(t), Pi19(t),
Pi20(t), Pi21(t), Pi39(t), Pi42(t), Pi58(t) and Pi157(t), are reported
in the vicinity of Pi61(t) (9,924,675–10,124,186). Their target
regions were roughly 5.6 kb (10,603,772–10,609,330), 3.1 Mb
(10,078,620–13,211,331), 14.8 Mb (4,053,339–18,867,450), 8.1 Mb
(6,988,220–15,120,464), 4.6 Mb (8,826,555–13,417,087), 3.6 Mb
(6,988,220–10,603,823), 9.4 Mb (6,988,220–16,395,622), 38 kb
(10,614,346–10,652,094), 4.2 Mb (8,073,819–12,248,913), 3.4 Mb
(7,461,555–10,900,056) and 9.2 Mb (8,826,555–18,050,447), respec-
tively [11,57,68–71]. To distinguish Pi61(t) from neighboring R
genes, eight monogenic lines for Pita, Pita-2, Pi12(t), Pi19(t) and
Pi20(t), i.e., IRBLta-CT2, C104PKT, IRBLta2-Pi, IRBLta2-Re,
F128-1, IRBL12-M, IRBL19-A and IRBL20-IR24, were tested with
five differential isolates, 001-99-1, P-2b, RB17, GZ26 and 99-26-2,
and compared with the donor 93-11 (Table 7). Differential
reactions were clearly observed among the eight lines, except
for IRBL12-M and IRBL20-IR24 (Table 7), suggesting that Pi61(t)
was different from Pita, Pita-2 and Pi19(t).
Pi39(t) was at least 490 kb (10,124,186–10,614,346) away
from Pi61(t) according to the distances between markers most
tightly linked to the two genes. In addition, Pi39(t) was mapped
using the same differential isolate CHL724 as was Pi41, whichalso originated from cv. 93-11 and delimited to 16,534,669–
16,588,406 bp on chromosome 12 [47,69]. This indicated that
Pi39(t) could not be present in 93-11 together with Pi41.
Therefore, we concluded that Pi61(t) was different from Pi39(t).
As for Pi42(t), its co-segregating markers, including RRS63, were
at least 0.19 cM from Pi61(t) (Fig. 2-b). The target region of Pi42(t)
contained six candidate NBS-LRR genes, and among them
LOC_Os12g18374 was short-listed as a potential candidate of
Pi42(t) based on restriction analysis of 11 candidate R gene-
derived sequence tagged sequence (CRG-STS) markers [70].
However, LOC_Os12g18374 (10,621,450–10,630,781) was at least
497 kb (10124186–10621450) from Pi61(t). This indicated that
Pi61(t) was be different from Pi42(t). For the other six R
genes, appropriate differential isolates (for Pi12(t) and Pi20(t))
or mono-genic lines (for Pi6(t), Pi21(t), Pi58(t) and Pi157(t)) are
lacking, and therefore we could not distinguish Pi61(t) from
them.4. Discussion
The availability of public sequence information for rice subspe-
cies japonica cv. Nipponbare and the indica cv. 93-11 has enabled
the development of high density molecular markers, and
accelerated fine mapping of blast R genes [21,40,69,70]. In this
study, we verified that the sequenced indica rice cv. 93-11
conferred broad-spectrum resistance against multiple Chinese
and Japanese M. grisea isolates, and identified two dominant
blast R genes, Pi60(t) and Pi61(t), by using BSA-RCA linkage
analysis combined with bioinformatics analyses. Pi60(t) was
finely mapped to a 274 kb interval on chromosome 11, and
Pi61(t) was finely mapped to a 200 kb interval on chromosome
12. Previously, Yang et al. [47] identified blast R gene Pi41 in cv.
11T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 493-11, at least 6.3 Mb (10276467–16582733) away from Pi61(t).
These results indicated that 93-11 possessed at least three blast
R genes, viz. Pi60(t), Pi61(t) and Pi41.
Many relatively durable or broad-spectrum blast resistant
rice cultivars possess more than two R genes. IR64 [58,59],
Moroberekan [49,72–74], Suweon 365 [11,75], Teqing [76],
Sanhuangzhan 2 [50], Digu [26,32,77] and Gumei 2 [51] possess
at least 6, 5, 4, 3, 3, 3 and 3 blast R genes, respectively. On
the other hand, single genes, such as Pi9, Pi2 (Piz-5), Piz-t, Piz
and Pigm, were reported to confer broad-spectrum resistance
[21,24,25,78]. In the case of 93-11, Pi41 was identified using
isolates CHL724 and CHL743 from the cold japonica rice-growing
region (Jilin of China) [47], whereas Pi60(t) was identified using
isolate 001-99-1 from an indica cropping region (Jiangsu of
China), and Pi61(t) was identified using isolate 99-26-2 from a
temperate japonica region (Hebei of China). To test the resis-
tance specificity of Pi60(t), Pi61(t) and Pi41(t), we inoculated F2
populations of the cross LTH × 93-11 using 18 differential
isolates (except 001-99-1 and 99-26-2) from different geographic
origins, and genotyped 30–100 extremely susceptible F2 individ-
uals from13 small population-isolate combinations segregating
in 3R:1S ratiosusing tightly-linkedmarkers forPi60(t), Pi61(t) and
Pi41. Pi60(t) conferred resistance to four isolates, including two
indica-derived isolates (one from Jiangsu and the other from
Hunan of China), and two Japanese japonica-derived isolates.
Pi61(t) conferred resistance to six isolates, including two
indica-derived isolates (one from Guangdong and the other
from Fujian of China) and four japonica-derived isolates (one
each from Liaoning, Heilongjiang, Hebei and Beijing of China).
Pi41 conferred resistance to three isolates, one indica-derived
isolate (from Guangdong of China) and two japonica-derived
isolates (both from Beijing of China) (data not shown). Thus,
the three R genes in 93-11 showed no obvious specificity to
indica- or japonica-derived isolates, suggesting that their com-
bined actions may constitute the broad-spectrum resistance in
cv. 93-11, particularly to Chinese japonica-derived isolates.
It is well established that two-thirds of over 70major blast R
genes mapped to date are clustered, especially on chromo-
somes 6, 11 and 12 [11–13]. Considering the difficulties in testing
for allelism between an unknown blast R gene and others
mapping within a cluster [15,59,76], fine-scale mapping and
differential pathotesting are regarded as alternatives for allel-
ism tests [47,71]. In this study Pi61(t) wasmapped in the vicinity
of 11 previouslymapped R genes. Of these Pita, Pita-2 and Pi19(t)
were considered to be different from Pi61(t) by comparing their
reactions with that of 93-11 against differential isolates
(Table 7). Pi39(t) was excluded due to its similarity to Pi41(t) in
93-11 and a physical distance of 490 kb from Pi61(t) [47,69].
Pi42(t) could also be excluded according to the physical distance
of at least 497 kb between its only short-listed potential
candidate gene, LOC_Os12g18374, and Pi61(t) [70]. We thus can
conclude that Pi61(t) should be different from some nearby R
genes, including Pita, Pita-2, Pi19(t), Pi39(t) and Pi42(t). However,
we could not determine the differentiation of Pi61(t) from six
other mapped genes (Pi6(t), Pi12(t), Pi20(t), Pi21(t), Pi58(t) and
Pi157(t)) in this region due to their rough physical regions and
unknown response spectra. In the Pi60(t) cluster, Pia and PiCO39
were both cloned and confirmed to be the same gene [37,38].
Even though the SasRGA4 and SasRGA5 alleles in 93-11 are quite
similar to the Pia/PiCO39 alleles in Sasanishiki and CO39, wecould not completely exclude the possibility that Pi60(t) and Pia/
PiCO39 had a more complex relationship due to the DNA
sequence variations between the six NBS-LRR alleles in
resistant cv. 93-11 and those in susceptible cv. Nipponbare. So
far, we have cloned the two Pia alleles (BGIOSGA034263
and BGIOSGA035032) in 93-11, and co-transformation of the
two candidates is underway for clarification of the nature of
Pi60(t).
It is notable that both the Pi60(t) and Pi61(t) clusters are
embedded in recombination-suppressed regions [47,68,70]. In
the 0.58 cM interval (629 kb) of Pi60(t) delimited bymarkers K1-4
and B14, and the 0.15 cM interval (200 kb) of Pi61(t) delimited by
markers M2 and S29, the physical/genetic distance ratios are
1084 kb cM−1 and 1333 kb cM−1, respectively. The low recombi-
nation ratesmay be due to lack of sequence homology between
the parental genotypes, abdundance of repetitive sequences
near the centromeres and transposon/retrotransposon-rich
regions [47,68,70]. These situations further increase the diffi-
culties of performing allelism tests between R genes within a
cluster, even though large segregating populations were used.
Therefore, fine mapping and cloning of each of the clustered R
genes will be essential to elucidate their relationships and to
dissect their detailed race- or isolate-specificities.
NBS-LRR proteins represent the largest class of R genes in
plants, and nearly 500 NBS-LRR genes have been identified in
both Nipponbare and 93-11 [31]. Eighteen of 20 cloned blast R
genes (except Pid2 and pi21) encode NBS-LRR proteins
[21,26,35,40]. Colocalizations of the NBS-LRR genes and blast
resistance loci were identified through genetic analyses
[14,59]. Therefore, NBS-LRR genes are themost likely potential
candidates for further blast R genes [70]. In our study, eight
intact NBS-LRR genes in the 274 kb region encompassing Pi60(t)
were identified in the Nipponbare sequence, but only six
intact NBS-LRR genes were identified in the 93-11 sequence
in the Gramene database (Fig. 1-d), including the two alleles of
Pia/PiCO39 (SasRGA4 and SasRGA5). On the other hand, four
NBS-LRR genes exist in the 200 kb target region of Pi61(t) in
93-11, and all of them showed differences in comparison with
the corresponding NBS-LRR genes in Nipponbare. Therefore, it
is difficult to shortlist candidate genes for Pi61(t). We need to
further reduce the target interval of Pi61(t), or to transform all
four NBS-LRR genes into susceptible cultivars for complemen-
tation tests. In addition, another blast R gene, Pi41(t), present in
93-11 was predicted as a NBS-LRR-type gene [47]. Therefore, we
postulate that the broad-spectrum blast resistance in 93-11 is
mediated bymultiple NBS-LRR genes, representing a molecular
mechanism of broad-spectrum resistance different from Digu
[77], and Pi2, Pi9 and Piz-t [79].5. Conclusion
In summary, the broad-spectrum blast resistant cv. 93-11
harbors at least three R genes, Pi60(t) on chromosome 11, and
Pi61(t) and Pi41 on chromosome 12. Pi60(t) and Pi61(t) are both
embedded in recombination-suppressed regions with several
clustered NBS-LRR genes. We identified two tightly linked
flanking markers, K1-4 and E12, and two co-segregating
markers, Y10 and B1, for Pi60(t); and two tightly linked flanking
markers G8 and M2, and one co-segregating marker M9 for
12 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 2 – 1 4Pi61(t). Thesemarkers should ensure rapid and accurate transfer
of the two R genes from 93-11 into new breeding lines through
MAS. The delineation of physical positions and the short-listed
candidate genesof the twoblastR loci have set solid foundations
for positional cloning of Pi60(t) and Pi61(t).Acknowledgments
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